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SUUUAHT 

Engine tests , together with estimates made at Langl^ Memorial 

Aeronautical Laboratory, indicate that a 25-percent increase in take- 
off power can be obtained with present-day aircraft engines without 
Increasing either the knock limit of the fiiel or the external cooling 
requirements of tlie engine. This increase in povi-er with present 
fuels and present ext^^^mal cooling is rnade possible through the use 
of an internal coolant indacted through the inlet maniL'old. Estimates 
on aircraft indicate that this 25-pfircent increase in power will per- 
mit an approximate usable increase of 8.5 percent in the take-oJf load 
of existing military airplanes. This Increase in load is equivalent 
to an increase in the weight of gasoline normally carried of b'Stween 
30 and 65 percent. 



IliTROEUCTICK 

Internal cooling thrcuph the introduction of water or water- 
alcchol mixtures into the inlet charge has been tested Ti^riouf: 
laboratories. Pertinent references to this work are contained in 
reference 1. 

It is generally recognized tliatj if the take-off power of current 
engines can be increased, the performance of the airplane, with par- 
ticular empliasis on range, can be increased. Increase in take-off 
power with present engines is limited by three factors: (1) knock 
charactoristics of thn fuelj (2) engine strength, and (3) engine 
cooling. 

The knock characteristics of the fuel can be improved only at 
the expense of fuel supply. Because of limitations of supplies, this 
procedure can only b^fI used for sm^l quantities of fuel, such as might 
be used during taKD-off . 

The engine strength is limited by both the loads imposed within 
the engine and the temperatures that the engine parts can withstand. 
External cooling of the engine with higher take-off powers does not 
provide so effective a means of relieving the thermal stresses within 
the cylinder as does internal cooling. 



2 



Internal cylinder cooling by means of Introducing an inert liquid 
to the incoming charge permits much higher powers to be taken from a 
given fuel without knock and without increasing the external cooling. 
D=»ta obtained at Langley Memorial Aeronautical Leboratory during 19^2 
showied that the j.jemissible indicated mean effective pressure can be 
increased 100 percent by Tieaiic of internal cooling. This value is 
not meant tc r€'precent a practical goal but to emphasize the fact 
that t'lT^ough 3jitern=il cooling the knock limit of present fuels can 
be placed v^ell above present demands. Internal cooling renoves 
engine cooling as a problem for increased take-off powers. The 
lower tfcmptsraTures obt-^inod vfith internal cooling also reduce the 
probability of engine failure through increased loads. 

Thie nnalysis wis made it Langley Memorial Aeronautical Labora- 
tory, L-'ngley Field, Va.^in the spring of 19U2. 



SNfllfJE T3STS 

Upon the comi.-letion of tests recorded in reference 1, Dr. R, F. 
Selden of the NACA staff sugj^ested the use oi' a mixture of armonia 
dissolved in vatsr (ATmonium hydroxide) for the internal coolant as 
a me^ns of ov-srcomini? the difficulties re^Tultinc: from the high freez- 
ing- ccint of wj^ter. AiTjnonia is ^jn:que in that on a wei'^ht basis it 
pernits ^ prr'^qler percentage cf Yfater in the coolant for a given 
freezing temperature than does any other knov.Ti liquid* For example, 
a niijvture of approximately 50 percent ammonia by ^^ei^ht and 70 percent 
wf-iter h'-s o fre^3rin^ point of -9h^ F. A 2?-72 ntio cf ammcnin and 
water '-:?as used in t.ie intemaJ-coclant tcr^ts described in this report. 
!3y tiie us 3 of +hi? material a given freezinn-te^nperature requirement 
is let with the Inrqest possible percentage of water in the internal 
coolant. 

The aT.ount of freezinf-'-uoint depress^int required in the internal 
roolvnt ic de^enoent on the p=rtic-ilar inptallation usei. The 
frp«z3nir-:;oint r.^quirenients of tne internal coolant are not necessarily 
the same as for the gasoline. 

Tne consideration in tnis report of aTnonium hydroxide for the 
internal coolant doe? not impl?/ +hat it gives better cooling and 
better knock suppression than ot>.er intem='l cedents, s:icn as water- 
alcohol. The decision ts to w^iich internal coolant is best must be 
considered on tie basis of availability and ease of handling as well 
as on the basis of engine performance* 

Preliminary tests conducted on the CFR engine gave results suf- 
ficiently encouraging to warrant transfer^in^: the work to a single- 
cylinder Wright 0200 engine -nounted on a CUE crankcase. Figure 1 
shows that a'amonium hydroxide actually was a better knock suppressor 
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than -was pure water. These data represent the preliminary tests, 
which show that as far as knock is concerned engines with present 
fuels can be taken to much higher power outputs than are now permitted. 

The tests were continued on ammonium hydroxide rather than on 
water or water-alcohol mixtures in order to find out iriiat deleterious 
effects ammonium hydroxide might have on the engine. (Ammonium 
hydroxide is quite corrosive to any materials containing copper. ) 
In addition to fuel limitations « engine temperature was considered 
as a limiting factor, and a maximum allowable temperature of F 
at the middle rear of the cylinder barrel was decided upon. In the 
tests at eaoh fuel-air ratio for different quantities of Internal 
coolant, the inlet pressure was increased until (1) the engine knocked, 
(2) preignition or afterfiring occurred, or (3) the temperature at 
the middle rear of the cylinder bfirrel exceeded 32^ F. 

The followins^ engine conditions were maintained constant: 



Engine speed, rpm 2^00 

Spark advance, deg B.T.C 20 

Compression ratio 7<0 

Oil-in tf^mperature, ^ IBO 

Inlet-air temperature bgfore introduction of either fuel 

or internal coolant, F . . . 2^0 

Coolinp-air pressure tirop, in. water 10 

Fi^jure 2 presenta the expGrimentnl 'i':jtT. Sxcept for the lean 
and rich ends of the curves, tne limitation was enrine temperature 



rather than fuel knock. The fact thnt the specific fuel consumption 
in the rich regions increasecj -^s the amovmt of amonium hydroxide was 
increased indicgtes that tho effect of arainoniijum hydroxide in supyress- 
Inc^ knock war twofold: (1) It provided internal cooling of combustion 
gases; and (2) it retarded the combustion, giving the same effect as 
a retarded spark. 

Cross plots from the data in fitrure 2 are shown in fif^ures 3 and 
U. Engine temperatures arc shown in fi^Ture A reference value 

of 2U? pounds per square inch indicated mean effective pressure, which 
corresponds to 210 pounds per square inch brake mean effective pres- 
sure at a mechanical efficiency of 86 percent, approximates current 
take-off conditions. The data in the upper half of figure 3 are 
based on this value of 2h^ pounds per square Inch indicated mean 
effective pressure (reproduced in fig. 5) for comparing the increase 
in power recorded with the different quantities of the internal 
coolant. 

ffith a 25-percent increase in power, the weight of the internal 
coolant required is SU percent of the fuel weight at a fuel-air ratio 
of 0.09. Other values given in figures 3f U, and 5 are as follows: 



COMP.'JKSFOH OF ErrilKra PSPFOWfANCE WITHOUT km 
WITH INTBKNAL COOIANT 

ffithout Internal With internal 
coolant (take- coolant (1-25 
off hp) X take-off ^p) 

point deoif^jiatlon on curvsss B A 

Ir.dicated mean effective pressure, 

Ib/sq in. 2h5 306 

Inlet pr'^sjure, in. absoLite ^^6 73 

pif^l-pir ratio 0.11 0.C9 

Tndicpted £?|:ecific fuel confiiinp- 

tior, Ib/np-hr .72 .62 

Ind ic'^t'::d qpecific liquid conauTij.!- 

tion, IbAii-^r .72 .96 

Temor.r^ituro of cylinder barrel, 

ipji.il'^ re.-ar, ^'F 320 3?0 

TeTnperni.ur'j o.\! rerr 3ijarlr-t Li7 

husiinnr;, ' 36EJ 

T«r4jerit/ur<^ of exha'ist-valve 
tjuide, " k9^ 5:65 

'^ho rcquirr^d irle*. ijre sr-ur'-' of 73 inchns '{r: -nbnolute TO'jld i-^robably 
r?:quire some -idditior.pl bocpt to th.it ap^.-lled v/ith a singls-stage 
high-srced supercharger. 



^:?i7J?<ATED nCPE-'SS O'S K^r-VIK F^JvPYjRWMJC^. THROUGH 
• IfcC''"ArEI^ TAK'-OFF ?0'"ER 

IncrgnF.e d l^a d. - Tour nirp lanes of diffrront rlaesific-'^tLons, 
drFiii-TiitsTTT 0.. ^ni D in this p'^f^'^i^j hpve been conridered in 
ertijiatir.n; tlie incr'japeH per'.'or iinnce through a ?5'-percent increap'^ 
in t^k-=i-ofj" povoj., Tn^».':c nirol-'^n'^P vdth tho operating ch^racter- 
icticp uc'-.d in tac present calo-ilstionc are listed as follo7/s; 



Airplane 


IJor:ii5-l 
^•^l:e-off 
hcrrc- 
pcv/er 


rior*ii?l 
Jvel 

(ril) 


IJormql 

fuel 

conn city 

(lb) 


Orosra ffei?ht 
of 

flirplsne 
(lb) 


Sng Lne 


Typ« 


n'^tif^n 


Heavy 














bo.Tiber 


A 


IB CO 


1U33 


8='p8 


iil.OOO 


R-1830 


Pursuit 


B 


2000 


210 


1260 


11,970 


K-280iJ 


Torfiedo 














bo'^b ?r 


C 


1700 


301 


1306 


15.36U 


R-2600 


Shipboard 














fij-htijr 


D 


2000 


3W4 


206U 


12,?77 


R-2800 
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Complete calculations for estimating the total weight of the 
.internal coolant and the internal-coolant system are given in the 
appendix. The following table presents the estimated increases In 
usable load for the four airplanes \inder consideration with a 
25-percent Increase in take-off power. The estimates of percentage 
total- load increase were made by Mr» J. 7. .fetmore of the Flight 
Research Division of langley Memorial Aeronautical laboratory. 

In the calculations of the table an allowance of 0»78 pound of 
coolant per pound of fuel was used instead of the value of O.^U shown 
on the curve at point A of figure 3. This increase is introduced as 
•a factor of safety. All estimates are based on sufficient Internal 
coo lant for a 5-minute"oper ation . The increase in propeller weight 
required for the additional power output is estimated to be 100 poimds, 
and the weight of the system for introducing the coolant, exclusive 
of the tank weight, is estimated to be 7!? pounds. These weights are 
considered to be tiie same for each engine of the four airplanes listed. 



ESTTlfATFD INCkEASE IN TAKE-OFF LOAD FOR 
25-PEROEKT INCTIEASE IH T/iKErOFF POWER 



Airplane 


Load 

Incre-'^re 

(percent) 


Load 

Increasg 
(lb) 


Usable 
load 

increose 
(lb) 


Usible load 
(g'il of g^s- 
oline ) 
(^) 


Pdrcentage 
increase 

(eal of 
gasoline) 




11.5 


Ii710 


3631 


k27 


30 


B 


12.0 


lii30 


1097 


129 


65 


C 


10,5 


1610 


1300 


153 


51 


D 


10.5 


1520 


1037 


122 


36 



^Assume 1 gal g?isoline weighs 6,0 lb; »jflsollne tank weighs 
2.5 Ib/galj therefore, . gal. 

The datfT show that a 25-percent increase in take-off horsepower 
results in a marked Increase in either the usable load or In this 
usable load transla+ei into gallons of sasoline. The increase for 
airplanes P and D If^ particularly noteworthy. 

Increased rate of climb . - It Is estimated that a 25-percent 
increase in take-off power for airplane B will permit the rate of 
climb up to 12,000 feet to be increased from 3100 to 1;100 feet per 
minute. Corresponding values for airplane 0 are from 1600 to 
2200 feet per minute. 
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Decr eased tgl:e-off run. - In regard to take-off run, for the 
assumiS loading of the airplanes^ it is estimated that a 25-percftnt 
increase in power will decrease the take-off runs of the four air- 
planes as folloTrs: 

Airplane Present take-off Take-off distance 

disteace 25-?ercent increase 

(ft) in t'ike-off power 

(ft) 



A 


1700 


1300 


B 


1300 


1000 


C 


300 


200 


D 


350 


25c 



Aircr*»f t Ens^ine Rpse^rch LaV. oratory, 

ilati.on"^! ^dv^sc^y Conrnittec for Aeronautics, 
Clev--^lariC:, Ohio* 



CO;:?UT^TIOriS TOR "iSiriHT RECUIPS??irS FOR IKTERNAIr-COOLIKO EYSTEil 
From fi.rure.s J and 

isfc at 2h$ imei; » 0.72, fuel-air ratio - 0.11 (B) 
isle nt 306 innp « 0.95, fuel-air r?!tio - O.O9 (A) 
For R-2P00 enfjinR at 2700 rpm: 

X 2500 X 2700 ^ 
7.P2 X 105 
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At 85-percent mechanical eff iclencjf 23kO Ihp - 2000 Vbs, 
ihp305 ■ 2920, and bhp = 2500, 

Assume sufficient ammonlum-^hydroxlde solution (NHj^OH) for 
$ minutes at 2^00 bbp: 

bslc - - 1,13 Ib/bhp-hr 



At 2000 blip 



0 72 

tisfc - -~ - 0.8? IbAhp-hr 
0.05 



At 2500 bhp 



total liquid - 250O X ^ X 1.13 - 235 lb . 

This 235 lb liquid is 152 lb of gasoline and fi3 lb of aramonium- 
hydroxide solution. 

At 2000 bhp 

total giscline - 2000 X ^ X 0.85 - U42 lb 

It is noted that increased weight of gasoline is negligible^L 

Density of NHi^OH - 7.5 lb/gal 

70 lb NH^OH » 9.U gal 

Allow for 15 gal, or 113 NHi^OH 

Assume t^k for NHi^OH weighs 35 lb 

Total weight - II3 + 35 + 10 (for extra gasoline) - 158 lb » TTj^ 

Assume this weight requirement is proportional to bhp of engine. 

Let increased propeller weight = 100 lb 

Let weigjit of coolant- 
induction system « 75 lb 

175" lb - Wg 
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/■esume T2 constat for engines considered. 



Engine 


1.25 X take-off 
horsepo'fler 


Wl 

(lb) 


H2 
(Ih) 


(lb) 


R-250C 


2$C0 


1?8 


175 


" 555 


R-2600 


2130 




175 


510 


Four K-iejO 


6X0 


579 


7OU 


1079 



Finfil csLxculations on usable load are given in tne third t^ible 
in the text« 



HEP^KERCE 

1* Rothrock, Addiron M., Krsel:, Alois, Jr., .?nd Jones, Anthcny W. : 

SuTiinary Report on the Induction of '73t3r to the Inlet Air as 
a ilesms of Internal Coolinf; in Aircraft Engine Cylinders. 
Auf. 1S42. 
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Fig. I 




• 05 .06 .07 .Oa .09 .10 .IX .12 ,13 .14 ,15 •!« 
Fuol-alp patio 

Figure !• - Effect of addition of tetraatbyl lead,- water » or a mixture of 28 percent anonla -t- 
72 percent water on tbe knock-limited Indicated mean effective pressure of S-2 reference fuel, 
Wrlgbt 1820 G200 eyllnderi compression ratio, 7.0| enslzie speed. 2000 rpH| spSrk advsnes, 
20^ Inlet-slr tenperature, 250^ F. 
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Fig. 




.04 . 05 . 06 .07 .08 .09 ,10 .11 .12 .13 

Fuel-air ratio 

Pigur* 2. - En&ln© pcrformnce permitted by u«e of a mixture of 28 percent ammonia + 72 Percent 
Srter ae anlnternal coolant at a cooling-alp pressure drop across cowling of 10 Inches of 
water. Wrlffht 1820 G200 cyllnderi compression ratio, 7.0j engine speed, 2300 ppm; sparK 
^vance , 200 Lt.C.» iTiletialr teiperature. 250** F; cooling-aSr upstream te-werature, 1250 F. 
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Fig. 3 




30 40 
Percentage coolant 

Fia^T'e 3. PermlaslDle power as determined by percentage Internal coolant (referred to Aiel 
weight supplied) at various fuel-air ratios and at a coollng-alr pressure drop across cowling 
of 10 Inches of water. Wright 1620 0200 cylinder* compression ratio, 7.0j engine speed, 2600 
rpm) spark advance, 20° B.T.C.; Inlet-alr temperature, 250*^ P; coollng-alr upstream tempera- 
ture, 125*5 Fi Amy aviation gasoline (100 octane number coolant 28 percent NR3 + 72 percent 



HgO. 
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Fig. 4 
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Percontaga coolant 

Flgur* 4. - Parmlsaltola Inlet pressure and total liquid consumption as determined by percentage 
internal coolant at various fuel-air ratios and at a cooling-air pressure drop across cowling 
of 10 inches of water. Wright 1820 0200 eylinderi eon9)ression ratio. 7.0| engine speed, 2500 
Tpmi spark advance « 20^ B.T*C«| inlet-air temperature « 250^ F| cooling-air upstream temperatu3>e, 
125^ F; fuel, Arvj aviation gasoline (100 octane number)) coolant. 28 percent HI^ + 72 percent HgO. 
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Figure 5« - Representative engine temperatvires and percentage power Increase (as determined by 

percentage internal coolant; at various fuel**air ratios and at a cooling-air preaaure drop across 
cowling of 10 Inches of water* Wright 1820 0200 cylinder) compression ratio* 7.0| engine speed, 
2500 rpmj spark advance, 20© B.T.C.> Inlet-air temperature, 250° Pj cooXlng-alr upetream tempera- 
ture, 125^ F( fuel. Army aviation gasoline (100 octane number) • 
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